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INTRODUCTION. 
We have previously intimated that many of the statements which 
are to be found in the clinical, and more particularly in the commercial, 
literature, concerning the passage of high frequency currents through 
the animal body, are fallacious.  The source of these fallacies appears 
to us to depend first upon certain misconceptions regarding the nature 
of the currents, and secondly upon arguments from analogy derived 
from experiments done on artificial systems.  There is  a  priori  no 
objection to this type of experiment.  Indeed the in ~itro experiment 
offers many advantages over the complicated conditions prevailing 
in the cadaver or the living animal body.  Yet, as we have said before, 
the assumption that the intact animal will behave in the same manner 
as a sausage or a piece of meat is obviously unsound and must lead to 
confusion and error. 
The transportation of alternating currents of high frequency and 
the laws governing the transfer are essentially the same as in the case 
of low frequency alternating currents or continuous currents.  Many 
of these laws must, however, be modified in order to apply to those 
conditions peculiar to the rapidly oscillating cycles of the diathermy 
current.  It is not intended to enumerate all  the various influences 
which render the modifications necessary, although a  knowledge of 
them is essential to predict the course which the current will  follow 
in passing between two electrodes.  Knowledge of the laws has led 
to the discovery and utilization of high frequency currents in wireless 
telegraphy and telephony.  An ~mmense amount of expert labor has 
been expended on  this  subject.  It  is  futile,  therefore, for electro- 
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therapeutists  to  draw  sweeping conclusions from haphazard  in vitro 
experiments. 
Three  questions  which  have  mainly  concerned  those  interested 
in the study of high frequency currents in relation to diathermy  are: 
(1) Does the current take the shortest path between electrodes rather 
than the path of least resistance?  (2)  Is heat production greatest at 
a  point  midway  between  electrodes?  (3)  Does  the so called  "skin 
effect" determine the path of the current in its passage between elec- 
trodes?  These questions will be considered in this paper. 
The  statement  is  frequently  encountered  that  heat  is  generated 
first in the interior of the body between the two electrodes,  then  at 
the surface.  If the electrodes are of equal shape and area, the hottest 
point is said to be midway between them; if unequal, the hottest point 
will be nearer the smaller of the two.  By varying the relative areas 
of electrode surfaces it is held that the localization and depth of heat 
can be controlled more or less accurately.  Such statements are based 
on demonstrations made on the cooking of meat or the coagulation of 
egg white.  They seldom, if ever, take into account the fact that the 
surfaces of these media will, of course, cool more rapidly than  their 
centers,  and  that,  though  surface  cooling may be true  of artificial 
systems, it need not necessarily hold for the living body.  Indeed, it 
can be categorically stated that it is not true for the living body and 
that heating with diathermy occurs from without inward.  There is, as 
will be presently shown,  a  definite heat gradient  from subcutaneous 
tissue to lung.  The skin,  of course,  will cool more rapid]y than  the 
subcutaneous tissues. 
Even in an artificial system Bettman and Crohn (1) have shown that coagula- 
tion of egg albumin "occurred first near each electrode, then spread toward  the 
center in gradually enlarging arcs approaching each other"  and  finally meeting 
in  the  center  to  include all  the  medium between  the  two  electrodes.  They 
state that  "this experiment was repeated innumerable times with  variations in 
the amount of current and the size of the electrodes, as well as the speed in which 
the current increased, with identical results.  It was found that it did not  make 
any difference whatever how quickly or slowly the amount  of current  was  in. 
creased.  This is in contradiction to numerous assertions that, in  order to get so 
called central heating, the current must be increased slowly."  They were "never 
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It  seems  apparent  that  the localization of maximum  heat  in  any 
medium will be determined by several quite independent conditions. 
In  any attempt to generalize or predict about heat production all of 
these must be borne in mind and appropriate  weight  given  to  each. 
First must be considered the specific resistances of the conductor which 
in  a  heterogeneous medium  will,  of  course,  be  variable.  Secondly, 
we must know the path of the current through this conductor, whether 
in straight, converging, or diverging lines.  And, thirdly, we must not 
neglect the problem of cooling, which will occur at  different rates in 
different parts  of the medium  and  will  thus  variously influence the 
elevation of temperature. 
In spite of the fact that we believe that experiments with artificial 
systems may be misleading,  especially if uncritically  applied  to  the 
living body, we have performed several such experiments simply for 
the purpose of exemplifying some of the fundamental principles which 
govern the passage of high frequency alternating currents. 
EXPERIMENTAL. 
Part  L  Experiments  on  Non-Living  Material. 
I. Does the Current Take the Shortest Path or the Path of Least 
Resistance? 
Experiment I.--A basin was filled with an •/20  solution of  NaCI.  An arch 
made by bending a strip of lead tin 20.5 era. long by 8 era. wide was placed in the 
dish  in such a manner that the parallel arms of the arch were immersed in the 
solution while the bent portion projected above the surface  of the liquid.  The 
parallel arms were then converted into electrodes  by soldering  to each a  short 
length of copper wire which was connected to the leads of the diathermy machine. 
During the passage of the current between the electrodes the rise in temperature 
of the salt solution was measured.  The lead-tin arch was then cut and the tem- 
perature  rise  in  the  salt  solution  again measured.  It was found that the salt 
solution heated over 30 times as fast when the metal arch was divided as when it 
was intact.  This shows that the current flow had been through the metal arch, 
or in other words,  through the longer and less resistant path.  Fig. 1 shows, in 
diagram, the essential features of this experiment, and Table I  the temperature 
changes observed. 
Experiment 2.--An experiment with a similar object to the one just described 
was done by placing an agar block of relativdy high ohmic resistance in a reservoir 
of M/20 saline and passing  a current between electrodes  immersed  in the saline. 
Fig.  2 shows  the experimental arrangement.  Temperature readings  were made 718  DIATHERMY.  IV 
by thermocouples imbedded in the agar block and immersed in the salt solution 
in the positions indicated in the diagram.  It was found that the saline heated up 
at a slightly higher rate than the agar.  Were the current passing through the agar 
block, one would expect the reverse effect because the agar has a higher resistance 
than the saline.  We can conclude, therefore, that most of the current was passing 
Po~Rion of ¢lectrod~  //"  xx,  \  Po~tlon of  electrudm 
Fzo.  I.  Dhgr~mmatic representation  of Experiment  1.  a  and b indicate the 
position of the thermometers immersed in the salt solution.  Temperature read- 
ings are shown in Columns a  and b of Table I. 
TABLE  I. 
Temperature Changes Recorded in Experiment 1. 
(a) and (b) refer to the thermometers, the positions of which are shown in Fig. 1. 
Position of thermometer 
Temperature  elevation  before  cutting  (current  passed  for 30 
I~o~o  .................................................. 
Temperature  elevation  after  cutting  (current  passed  for  28 
min.) .................................................. 
O) 
°C. 
.09 
2.35 
(b) 
°C. 
.06 
2.33 
TABLE  II. 
Temperature Changes Recorded in Experiment 2. 
Position at which temperature 
was  taken 
Before passage of current. 
kfter passage of current.. 
Thermo-  Thermo-  Thermo-  Thermo-  Ther-  Ther-  Room 
couple  couple  couple  couple  mometer  mometer  temper, 
1  2  3  4  5  6  ature 
°C.  °C.  °C.  °C.  °C.  "C.  "C. 
18.92  19.07  19.00  19.18  19.00  19.00  21.2 
20.58  20.97  21.43  21.80  21.98  21.92  22.4 
along the longer path and the one of lower resistance.  In the control experiments 
(Nos. 3  and 4) we found that application of the electrodes directly to the agar 
caused it to heat, and indeed melt, showing that it could be warmed by the passage 
of a  current through it.  The changes in temperature  recorded are presented in 
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On  the  basis  of observations  made  in  these  two  experiments  we 
conclude that  in  both metallic  and  electrolytic conductors the  high 
frequency current will traverse the path of least resistance rather than 
the shortest path between electrodes.  In making this generalization 
it must be remembered that  there are forms of resistance peculiar to 
this  type of  currerrt.  Thus,  owing  to  self-induction,  even  a  thick 
copper wire has a high impedance to high frequency currents, and the 
observation  that  the  current  wiU  pass  through  a  short  length  of 
Fit;. 2. Diagrammatic representation of Experiment 2.  Shaded  circle indicates 
the position of the agar block; 1, 2, 3, 4, 5, 6, the location of the thermocouples. 
Temperature readings are presented in Table II. 
Dimensions of dec- 
9 era. ×  5 era.  Volume  of agar block  1600 cc.  trodes 
Distance between e.lec- 
trodes 
Volume of saline 
Depth of saline 
Diameter of reservoir 
19 an.  Depth of agar block 
2000 cc.  Diameter of agar block 
6 cm.  Strength of current 
25 on.  Duration of current 
Position of thermocouples is indicated in Fig. 2 by the numbers 1 to 6. 
sausage, rather than  a  long length of  copper wire, is  not,  therefore, 
germane  to the point under discussion. 
6 C~Xl. 
14cm. 
700 ms. 
1 hr.,  43 rain. 
H.  Does tteaging Occur First at the Center and Then at the Periphery? 
We have  already  enumerated  the  various  conditions  which  may 
influence the localization  of heat,  and we have found it necessary to 
consider not only specific resistance,  but heat loss, also current  con- 
centration  or the distribution  of the lines of flow.  The observations 
of Bettman  and  Crohn  referred  to  above showed that  in passing  a 
current through an egg-agar medium coagulation occurred first at the 
site of the greatest current density, which, when the electrodes were 720  DL~TKER~.  IV 
parallel, was always at the periphery or in that portion of the medium 
immediately approximating the electrodes. 
Our experiments gave similar results.  We chose for our  medium 
a  2  per  cent  agar  in  distilled  water.  This  could  be  molded  into 
suitable forms.  It offered sufficient resistance to develop heat, was 
a  poor  conductor  of  heat,  and  would  cool  more  rapidly  from  its 
surface  than its  center.  Did  central  heating  actually occur  before 
peripheral, we  were  dealing  with an almost ideal  medium on  which 
to demonstrate it. 
Experiment 3.--A cylinder was made of 2 per cent agar in distilled water.  It 
measured 16 cm. long by 10 cm. wide.  A circular lead-tin electrode 7.5 cm. in 
TABLE  III. 
Temperature Changes Recorded in Experiment 3. 
Position of  thermocouple.  [  ~ a  1  . ~  [  n  [  . ~  [  ois oo cm, ocento   so 
I  "c  I  "c.  I  "c.  I  "c.  I 
Before  passage  of  current  .........  I  21.89  ] 21.96  I  22.02  I  21.96  I  21.83 
After passage of current .........  [  2s.87  I  24.88  [  24.61  [  24.83  ]  25.77 
Agar used, 2 per cent in distilled water. 
Diameter of agar, 10 cm. 
Diameter of electrodes,  7.5 can. 
Distance between electrodes,  16 cm. 
Duration of passage of current, 5 minutes. 
Strength of current, 1000 milliamperes. 
diameter was fastened firmly to each end of the agar cylinder.  A current of 1000 
milliamperes was  then  aUowed to  pass between  the  electrodes for  5  minutes. 
Thermocouples were imbedded to an equal distance in the substance of the agar 
cylinder; one at its center and four others disposed  equidistantly from the center 
toward the two ends.  Before the current was turned on the temperature at  the 
center was 22.02°C. at the points 2.5 cm. from the center 21.960C., and at the ends 
21.890C. and  21.83°C.,  respectively.  The agar cylinder was obviously cooling 
more at the ends than at the center.  The thermocouples were then removed and 
reinserted  immediately after  the  current  was  turned  off.  After  5  minutes  of 
current flow the temperature at the center had risen 2.59°C., at the points half way 
between the center and the ends 2.900C., and at the ends adjoining the electrodes 
4.01oc.  The actual temperature readings are given in Table IIL 
The conclusion to be drawn from this experiment is that in a  homo- 
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adjoining the electrodes.  This was true here in spite of the fact that 
the ends of the cylinder were cooling more quickly  than  the center. 
Since the resistance of the  cylinder was  no greater at the ends  than 
at  the center the increased heating at  the ends can only be  ascribed 
to  a  concentration  of  current  near  the  electrodes and  to  divergent 
lines of flow as it traversed the agar cylinder.  The truth of this may 
be seen from the next experiment in which the lines of current flow 
were concentrated at the center, where maximal heating occurred. 
Experiment 4.--The same agar cylinder as described in Experiment 3 was used 
here but it was altered by thinning its central diameter so that it finally repre- 
sented two cylindrical blocks of agar 10 cm. in diameter connected by an isthmus 
TABLE  IV. 
Temperature Ckanges Recorded in Experiment 4. 
Position  of thermocouple. Distance  in cm. from  center  i  °C__S'0  ~21.57  °C.S'0 
Before passage of current  ........................  22.39  21.06 
After passage of current  .........................  28.99  67.35  30.53 
Agar used, 2 per cent in distilled water. 
Diameter of agar near electrode, 10 cm. 
Diameter of agar at center, 2 cm. (approximately). 
Diameter of electrode, 7.5 cm. 
Distance between electrodes,  16 cm. 
Duration of passage of current, 10 minutes. 
Strength of current, 400 milliamperes. 
only 2 cm. in diameter.  Passage of a current of 400 milliamperes for 10 minutes 
from end to end of this cylinder caused the temperature of its center to increase by 
45.78°C.,  while the rise in temperature at one end was 9.47°C., and at the other 
only 6.60°C.  Table IV gives the temperature measurement in detail. 
The experiment affords an admirable example of the effect of con- 
centrating  the  lines of current flow on  heat production.  It  is  only 
by this manoeuver that central heating can be obtained in a  homoge- 
neous medium in which heat loss occurs at a  relatively uniform rate. 
Many modifications of these two experiments were performed.  In 
all of them maximal heating occurred at the point of greatest current 
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The Question of Skin Effect. 
The term "skin effect"  has no anatomical connotation.  It is used by 
physicists to denote that property of a metallic conductor which causes 
nearly the whole of a high frequency current to pass along its surface 
rather than through its center.  D 'Arsonval (2) is said to have shown 
that this phenomenon is not encountered in electrolytes.  Whether or 
not "skin effect" is encountered in biological conductors seems to be a 
moot point.  We have previously reviewed the work of Dowse and 
Iredell (3), who found on the basis of both experimental and theoretical 
reasoning  that  "no  measurable  skin  effect will  be  present"  in  the 
passage of a diathermy current through the human body. 
Bettman and Crohn believe that they have presented evidence in 
favor of the view that skin effect is a factor in keeping the current near 
the surface of the body.  The basis of their assumption lies in experi- 
mental observations made on sausages and  cadavers.  A  current of 
known milliamperage was  passed  through  a  large bologna sausage. 
The core of the sausage was then enucleated, leaving just a  shell of 
skin  and meat,  and  the change in milliamperage was noted.  They 
found that a decrease in 67 per cent of sausage weight resulted in only 
a 22 per cent decrease in current, and concluded, therefore, that "the 
skin effect, while not as marked as in metal, is certainly considerable." 
In our opinion their experimental method is not free from criticism. 
The hot wire miliiammeter is at best a crude instrument for measuring 
currenf strength,  varying in  accuracy with  the  temperature  of  its 
environment.  It can be easily shown, by measuring the rate of heat 
production in salt solution,  that the current flow as estimated by a 
milliammeter  is steadily diminishing, whereas the rate of heat production 
remains practically constant.  Furthermore, if the cmTent is  turned 
off for a time and then turned on again without altering the spark gap, 
there is an apparent increase in milliamperage.  These facts indicate 
that the milliammeter gives a false measurement of the current flowing 
through the conductor.  We have found that simply interrupting the 
current flow for a while and then starting it without otherwise modify- 
ing any of the conditions may result in  as much as a  70  per  cent 
increase in milliammeter reading. 
This same criticism, we believe, is  applicable to  experiments of a RONALD  V. CHRISTIE AND  CARL A. L. BINGER  723 
similar nature which Bettman and Crohn performed on cadavers.  We 
quote from their work: 
"Electrodes of equal size were placed parallel and opposite to one another on 
either side of the abdomen.  The current was turned on and the milliammeter 
reading noted.  Then all the abdominal viscera were removed through a midline 
incision, the incision was sutured, and an attempt w~ made to preserve the con- 
tour of the abdomen by tension on one of the sutures.  The current was again 
turned on, the electrodes and settings of the machine having remain untouched. 
It was found that the number of milliamperes recorded by the machine was iden- 
tical.  This cadaver experiment was repeated several times with similar results. 
It appears, therefore, that the viscera play little or no r61e in  the consumption 
and, therefore, in the conduction  of the current." 
Several other sources of error appear to us to exist in this experimen- 
tal procedure.  First, the change in resistance produced by removal 
of the viscera may not be of an order of magnitude measurable by the 
ammeter.  Secondly, it is very difficult to preserve  the contours of 
the abdomen after viscerectomy. 
We have performed an experiment of a similar nature on the dog's 
cadaver, but one which we believe to be free from the sources of error 
just enumerated.  As well as  estimating current flow by  means  of 
a  hot wire milliammeter,  we  measured  subcutaneous  heat  produc- 
tion by means of thermocouples.  Moreover,  we  chose  the  thorax, 
the  bony  structure  of  which  permitted  no  change  in the contour. 
We  did  not  eviscerate  the  thorax,  but  simply collapsed the  lungs 
by  introducing  air  into  the  pleural  cavities  through  a  hollow 
needle.  This  was  done  without  interrupting  the  current  flow  or 
indeed without touching the diathermy machine.  The results of two 
such  experiments  are  in  agreement.  In  each,  five  thermocouples 
were placed at various points in the subcutaneous or intramuscular 
tissue of the  chest wall, while a  diathermy current was allowed to 
pass  between electrodes  applied to  the  sides of the  shaved  thorax. 
Nine of the ten thermocouples showed a greater rate of heating after 
artificial pneumothorax than before.  This indicates that when the 
lungs  were  collapsed  more  current  passed  through  the  superficial 
layers of the body.  Moreover, in both experiments the collapse of 
the lungs was simultaneously accompanied by a drop in milliammeter 
reading.  We reproduce in Table V the temperature readings of the 
thermocouples in both experiments, together with the average miUi- 724  mATronly.  IV 
ammeter readings before  and  after pneumothorax.  Fig. 3 presents 
graphically the change in the rate of heating recorded by one of the 
thermocouples and the accompanying change in milliammeter readings 
which occurred after the lungs were collapsed.  This particular ther- 
mocouple lay in the insertion of the pectoral muscles on the anterior 
aspect of the midsternum. 
On the basis of the average thermocouple readings published in the 
table it can be estimated, by the application of Joule's law, how much 
more current passed  through the superficial tissues after  collapsing 
TABLE  V. 
Changes in Temperature and Milliamraeter Reading after Artificial Pneumothorax 
in Experiments 5 and 6. 
Position of thermocouple 
On anterior surface of sternum at center ...... 
On left edge of sternum  .................... 
On right edge of sternum  .................. 
In deep  muscles of back, 1  inch to  right of 
midline  ................................ 
In deep  muscles of back,  1  inch  to  left of 
midline  ............................... 
Average  .............................. 
Average reading on milliammeter ........ 
Temperature increment during 15 min. 
of current flow 
Experiment $ 
Before  After 
pneumo-  pneumo- 
thorax  thorax 
o¢.  0¢. 
2.58  10.90 
7.43  10.74 
3.48  10.71 
1.62  3.66 
1.06  2.84 
3.23  7.77 
1250  1114 
Experiment 6 
Before  After 
°C.  °C. 
2.76  9.33 
7.85  7.65 
4.30  8.23 
1.19  2.52 
2.77  4.32 
3.77  6.41 
1233  1094 
the lungs than before.  In Experiment 5 this amounted to an increase 
of 35.7  per cent; in Experiment 6,  to  24.2  per cent.  These figures 
must represent the minimum percentage of current which was passing 
through the lungs.  The values are probably too low, since in both 
experiments the milliammeter showed approximately an 11  per cent 
reduction of total current delivered to the cadaver after pneumothorax, 
and some current must have been passing through the collapsed lungs. 
We may conclude, therefore,  that  in  the  dead  dog,  at  least,  the 
diathermy current does actually pass through the interior of the body. 
The  absence  of  true  "skin  effect,"  however,  does  not  necessitate RONALD  V. CHRISTIE AND  CARL A. L. BINGER  72~ 
the passage of all of the current through the deep tissues.  As we have 
stated above,  the current will take the path of least electrical resist- 
ance.  Maximal heating occurs where there is greatest ohmic resist- 
ance,  least  heat  loss,  and  above  all,  greatest  concentration of the 
current.  Where  this  will  occur in  the  living  animal  body  can  be 
discovered only by experiment. 
with this aspect of the problem. 
The next part of the paper will deal 
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FIG. 3.  Curve showing fluctuations of subcutaneous temperature and milliam- 
meter reading before and after artificial pneumothorax. 
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Part II. Experiments on the Li~ing  Body. 
A dog's lung can be heated by diathermy  only slightly (about 0.4°C.) 
above the rectal temperature (4).  This is sufficient to cause the blood 
passing  through the pulmonary capillaries  to  be  warmed, with the 
result that  the blood in  the left ventricle, normally cooler than the 
blood in the right auricle, becomes, in fact, during diathermy, slightly 
warmer  (5).  These  considerations might be  taken  as  evidence for 
the  penetration  of  the  current through  the  deep  structures of  the 
body.  Such a  conclusion is, however, unwarranted until it has been 
shown that the heating of the lung is not the result of conduction from 
the heated skin and  chest wall.  That lung heating can occur even 
when the thoracic wall is simultaneously cooled will be shown in this 
paper. 726  DIATHE~.  IV 
The experiments about to be reported are of three general types: 
1.  Those in which the heat gradient of the body was measured from 
without inward before and during diathermy. 
2.  Those in which the heat gradient of the body was measured from 
without inward before and during the application of local heat to the 
chest  wall  A comparison was made with  the heat gradient during 
diathermy. 
3.  Those  in  which  lung  temperature was  measured  during dia- 
thermy with simultaneous cooling of the chest wall. 
TABLE  VL 
Temperature Gradient in Anesthetized Dogs. 
Skin 
Rectal  Lung  Intramuscular  Subcutaneous  temperature 
Experiment No.  temperature  temperature  temperature  temperature  under 
electrode 
D  13 
D  27 
D  29 
D  30 
D  31 
D  32 
D  33 
D  34 
°C. 
33.50 
35,21 
37.15 
35.14 
35.31 
36.21 
35.51 
36.57 
°C. 
33.24 
35.17 
36.94 
35.05 
35  21 
36.13 
35.39 
36.39 
*C. 
33.10 
36.99 
36.42 
34.53 
34.93 
35.21 
35.64 
35.47 
*C. 
32.77 
33.60 
34.08 
34.63 
34.96 
33.91 
35.97 
*C. 
31.86 
33.83 
34.48 
34.17 
32.98 
34.61 
Average  ........  35.57  I  35.44  35  14  34.27  33.65 
All these experiments were done for the same purpose, namely, to 
learn whether the diathermy current passes through the interior of the 
body or through its more superficial tissues only.  It is our belief that 
the  evidence furnished by  the  experiments justifies  the  conclusion 
that  the  current penetrates the body wall  and passes  through the 
interior. 
L  The Temperature Gradient in the Body before and during Diathermy. 
By means of thermocouples such as have been described we were 
able to measure the temperature gradient which exists in the body of 
the  anesthetized dog.  Under normal conditions the rectal tempera- 
ture is the highest, the lung, intercostal muscles, subcutaneous tissue, RONALD  V. CHRISTIE AND  CARL A. L. BINGER  727 
and  skin  following in order.  Table VI  shows the temperatures re- 
corded  at various depths in eight different dogs.  The averages were: 
Rectal 35.57°C., lung 35.44°C., intramuscular 35.14°C., subcutaneous 
tissue 34.27°C., and skin 33.65°C. 
When  cooling of  the  dogs occurred  the  heat  loss  progressed,  as 
might be expected, more rapidly in the superficial layers than in the 
interior of the body. 
With  the  passage  of  the  diathermy  current  between  electrodes 
placed  laterally  against  the  chest  wall  this  temperature  gradient 
promptly reversed, the hottest regions now lying nearest to the elec- 
trodes.  The  skin  immediately under  the  electrode,  of course,  had 
the opportunity of losing heat by radiation,  and perhaps  offered a 
lower resistance to the current as well, and therefore did not heat up 
as fast as the subcutaneous tissue.  This, however, and the thoracic 
musculature,  showed  a  far  greater  elevation  in  temperature  than 
either the lungs or the rectum.  It was not uncommon to see a sudden 
jump in  the subcutaneous temperature of over  10°C.  in  the first 5 
minutes of diathermy with  a  simultaneous rise  in  rectal  and  lung 
temperature of only 0.3  ° to 0.5°C.  (Experiment D  27). 
The reversal in temperature gradient is admirably shown in Experi- 
ment D  13, Fig. 4. 
The curves show the normal relationship at the start of the observations, the 
highest temperature being in the rectum, followed in turn by lung, intercostal 
muscle, subcutaneous tissue, and skin.  During the preliminary period before the 
current flow  was begun the animal lost heat, and the cooling,  as will be seen in the 
figure, was more rapid in the superficial  than in the deep parts.  A current of 1200 
milliamperes was then turned on.  Immediately the skin and subcutaneous tem- 
peratures rose precipitously, the latter now exceeding the former.  Intercostal 
muscle temperature now occupied a position between lung and superficial tern- 
perature, that of the lung in turn exceeding the rectal.  It will be understood, of 
course, that in all these experiments the elevation in rectal temperature is due 
to heat conveyed  to the rectum by the blood. 
Later in the experiment the dog's skin was cooled  by wetting his coat and blow- 
ing a stream of air on it.  There resulted a drop  in all temperatures, both internal 
and  external.  With  the  cessation of the  cooling the  superficial temperatures 
began again to mount, but the internal temperatures still continued to fall, skuce 
the blood which had been cooled on the surface was still circulating through the 
deep vascular tissues.  On suddenly killing the animal the lung and intramuscular 
temperatures shot up steeply, since these structures, well insulated against heat 
loss by radiation, had been robbed of their normal medium for cooling, namelyp 
the circulating  blood. 728  DIATHERMY.  IV 
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This  experiment,  and  many others  of a  similar  kind,  shows  that 
the normal heat  gradient of the body is reversed during diathermy.  Heat- 
ing by diathermy occurs from without inward.  To  find  out  whether 
deep  heating  is  wholly  the  result  of  conduction  from  the  heated 
chest wall a comparison was made between the effect of the application 
of  local  heat  to  the  skin  and  the  effect  of  diathermy on  deep 
temperatures. 
II. A  Comparison of Deep Temperatures, during Application of Local 
Heat to the Skin, with Deep Temperatures during Diathermy. 
For the application of local  heat to  the  skin  we  prepared  hollow  reservoirs 
of  brass,  3  X  4  inches  in  area,  and  slightly  curved  to  fit  the  contours  of 
the  dog's chest  wall.  Through  these  reservoirs water was irrigated at the de- 
sired  temperature.  By soldering  copper wires to  the  reservoirs they could  be 
connected  with  the  leads of the  diathermy machine,  and  thus  converted into 
electrodes. 
With  this equipment  and  the  use of thermocouples it was easy to 
compare the deep temperatures produced  by the local  application  of 
heat  with  the  deep  temperatures  produced  by diathermy.  The  re- 
sults of such experiments showed that even though the skin tempera- 
ture was higher with local heat than with diathermy, the subcutaneous 
and deep temperature elevation was less. 
A  specific example of this  is  shown  in  Experiment D  33.  Water electrodes 
were  fastened to an anesthetized  dog's  thorax.  The temperature of the water 
circulating through the  electodes  was maintained between 50  ° and 54°C.  After 
an hour and 20 minutes exposure to local  heat of this grade the recorded temper- 
ature changes were: skin under the electrodes,  32.52  ° to 45.23°C.;  subcutaneous 
tissue, 33.430 to 41.28°C.; left lung, 35.16  ° to 35.04°C; right lung,  35.11  o to 35.01  °C; 
rectal temperature, 35.23 ° to 35.00°C.  The failure of lung and rectal temperatures 
to rise under these circumstances should be noted. 
The hilum of the left lung was then  suddenly tied by fastening a  previously 
placed ligature so that the circulation through this lung was obliterated (6).  This 
was followed  by a  rise in temperature of the left lung of 0.20°C.  and a  gradual 
further rise during the next hour of 0.56°C.  During this period the temperature 
of the right lung did not change.  The flow of hot water was then discontinued 
and a diathermy current of 1200 milliamperes immediately started, which resulted 
in a 3°C. fall in skin temperature and, in  ~  spite of this, a 2°C. rise in subcutaneous 
temperature.  The temperature of the normal lung,  unchanged for more than an 
hour,  now rose by 0.2°C.,  while  the ligated lung temperature suddenly  jumped 730  DIATHERMY.  IV 
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from 35.86  ° to 37.29°C.  The temperature changes in this experiment are  graphi- 
caUy shown in Fig. 5.  In addition to the changes just described the figure  shows 
the characteristic upward inclination of rectal and normal lung temperature with 
the onset of diathermy. 
C 
This  experiment  may  be  re- 
garded as evidence in favor of the 
belief  that  the  deep  heating  of 
diathermy is due not only to local 
heating  of  the  chest wall  but  to 
actual  passage  of  the  current 
through  the deep tissues. 
The  final proof  for  this  state- 
ment  is,  we  believe,  supplied  by 
the  next  experiment. 
III.  Measurement  of  Lung  a~ul 
Rectal Temperature  during Dia- 
thermy with Simultaneous  Cool- 
ing  of the  Chest  Wall. 
E.vperiment D 42.--A  female collie, 
weighing  8.75  kilos,  was  anesthetized 
by the intravenous injection of barbital 
sodium (0.31 gin. per kilo).  The thorax 
was then shaved and lead-tin electrodes 
measuring 3  ×  4  inches  were  applied 
laterally.  Great  care  was  taken  to 
avoid  any  edge  effect by having  the 
electrode surfaces as nearly parallel as 
the  contours  of  the  chest wall would 
permit.  Six thermocouple needleswere 
then inserted into the subcutaneous and 
intramuscular tissue  of  the  chest wall 
so  that  they  lay in  the  zone between 
the electrodes  encircling  the chest wall. 
This  permitted  temperature  measure- 
ment  in  the  whole  circumference  of 
the  chest  wall.  A  seventh  thermo- 
couple  needle was  thrust  through  the 
chest wall so that its point lay buried 
in the  substance of the ventral lobe of 
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FIG. 6.  Curve showing  subcutaneous 
and intramuscular  temperatures  of the 
chest  wall  as  well  as  rectal  and  lung 
temperatures  during  diathermy  with 
simultaneous cooling of the chest wall. 
The position of the thermocouples, 1 
to 6, is shown in Table VII. 
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the  right  lung.  The  entire  thorax  was  then  surrounded  by  rubber  ice caps, 
filled with a salt-ice mixture, held firmly against the chest wall by a binder.  Rectal 
temperature was recorded by a  mercury thermometer.  After preliminary tem- 
perature measurements, a  diathermy current of 1200 milliamperes was  turned on 
and allowed to flow for an  hour.  Temperature readings on all thermocouples 
were made at 10 minute intervals. 
The measurements show that  both  lung  and  rectal temperatures 
exceeded the temperatures developed in the chest wall.  The fact that 
the  rectal temperature was  almost 3°C.  below lung  temperature in 
this  experiment can  be  accounted for by  the  cooling effect on  the 
rectum of surface blood.  This surface blood, counteracting the warm- 
ing effect of the deep blood, explains the relatively stable rectal tem- 
perature, which ordinarily rises during diathermy.  The thermocouple 
positions and readings are shown in Table VII, and in Fig. 6  there is 
a graphic representation of this experiment. 
There can be no doubt that deep heating has occurred in spite of surface 
cooling; from which it must be concluded that the current passes through 
the interior of the body. 
SUMA~ARY AND  CONCLUSIONS. 
The  principles governing the passage  of high  frequency currents 
through various conductors have been discussed and  exemplified  in 
experiments done on both non-living and living bodies. 
In Part I  it was shown:  (1)  That the current takes the path  of 
least  electrical  resistance  rather  than  the  shortest  path;  (2)  that 
maximal heating occurs at the point of greatest concentration of the 
lines of current flow.  In a  homogeneous medium with parallel elec- 
trodes  maximal  heat  production  occurs  in  those  portions  of  the 
medium adjoining the electrodes and the heat gradient is from without 
inward.  Under these  circumstances maximal heating  never occurs 
at  the  center.  In  discussing  the  localization  of heat  not  only the 
electrical resistance and  current concentration, but  also  the  cooling 
effect, must be considered. 
In experiments on the dog's cadaver no evidence of the so called 
"skin effect" could be demonstrated.  This is in contradistinction to 
the findings of Bettman and Crohn, but the discrepancy is explained 
on the basis of what we believe to be a  technical error in their work. 734  D~T~gMY.  IV 
The finding of no "skin effect" is in agreement with the conclusions 
of  Dowse  and  Iredell,  based  on  both  experimental and  theoretical 
considerations. 
In  Part  II  three  types  of  experiments  were  performed  on  the 
anesthetized  dog.  The  conclusions to  be  derived  from  them  are 
these:  (1)  The heat gradient of the body is reversed during diathermy 
and  heating occurs  from without inward;  (2)  deep  heating  during 
diathermy is greater than that which results from the application of 
local heat to the skin;  (3)  the lung can be heated by diathermy in 
spite of simultaneous cooling of the chest wall. 
These experiments we regard as satisfactory evidence of the passage 
of the current through the interior of the body. 
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